ABSTRACT. Cysteine-rich polycomb-like (CPP) proteins are members of a small family of transcription factors, which have been identified and characterized in Arabidopsis, rice, and soybean. In this study, we investigated CPP-like genes in the maize genome. The results revealed 13 putative CPP-like genes, which were found to encode 17 distinct transcripts and were distributed unequally on 7 of 10 maize chromosomes. Analysis of phylogenetic relationships showed that Arabidopsis, rice, and maize CPP-like transcription factors can be grouped into two subfamilies. We also used real-time RT-PCR to evaluate changes in the transcript levels of ZmCPP genes in response to abiotic stresses (heat, cold, salt, and drought stresses). These findings provide an overview of the evolution of the ZmCPP gene family, which will aid in the functional characterization of CPP-like genes in maize growth and development.
INTRODUCTION
Cysteine-rich polycomb-like (CPP) proteins are members of a small family of transcription factors that have important roles in the development of reproductive tissues and in the control of cell division in plants (Yang et al., 2008) . Members of this family are widely present in plants and animals, but are absent in yeast (Andersen et al., 2007) . Based on the function of the CPPs, the structure of genes in this family comprises one or two similar Cys-rich domains, termed the CXC domain, which is highly conserved across species, from amoeba through plants to mammals (Riechmann et al., 2000) .
Although, CPP transcription factors are prevalent in a broad spectrum of species, they have received little attention compared with other transcription factor families. One study reported that 111 CPP transcription factors can be found in 16 species of plants (Lu et al., 2013) , but only two of these transcription factors have been studied so far. The first CPP transcription factor described, TSO1, has been studied in Arabidopsis thaliana. TSO1 is highly expressed in flowers, where it accumulates to the highest level in developing ovules and microspores. The ∆ tso1 mutation results in the loss of control of directional cellular expansion and the coordination of adjacent cell growth, and was also found to cause defects in karyokinesis and cytokinesis (Hauser et al., 1998 (Hauser et al., , 2000 Song et al., 2000) . In soybean, CPP1, a DNA-binding protein involved in the expression of the soybean Gmlbc3 gene, was reported to be involved in the regulation of the leghemoglobin genes in the symbiotic root nodule (Cvitanich et al., 2000) . In addition, CPP-like family genes have been identified and characterized in Arabidopsis, rice (Yang et al., 2008) , and soybean (Zhang et al., 2015) . These findings suggest that differences in transcriptional regulation of each CPP-like isoform may play distinct roles in plant growth, development, and stress responses.
Maize is one of the most important cereal crops in the world, which provides a stable food source for many populations. Nevertheless, maize growth and yield are strongly influenced by abiotic stresses such as drought, salt, and cold. Transcription factors regulate gene expression, thus providing plants with control mechanisms that enable them to respond to abiotic and biotic stresses, and to modulate developmental processes (Mitsuda and OhmeTakagi, 2009 ). The CPP-like genes encode transcription factors that have diverse functions and may have been important in key events of plant diversification. Hence, comparative phylogenetic and molecular evolutionary analyses of the CPP-like gene family in maize are very useful for studying their roles in plant evolution.
In our study, we performed a genome-wide identification of members in the CPPlike gene family within maize. Further, the levels of maize CPP-like gene expression were determined by real-time quantitative reverse transcription-polymerase chain reaction (qRT-PCR) in response to abiotic stresses. Our findings will provide a useful reference for the selection of candidate CPP-like genes for cloning and further functional analyses in maize.
MATERIAL AND METHODS

Genome-wide identification of CPP-like proteins in maize
CPP-like family genes in maize, A. thaliana, and rice were identified from online databases (http://planttfdb.cbi.pku.edu.cn/) (Jin et al., 2014) . Information on members of the maize CPP-like family of genes, including chromosomal locations, genomic sequences, full-length coding sequences (CDS), and protein sequences were also downloaded from the website Phytozome (www.phytozome.net). The molecular weight (kDa) and isoelectric point (pI) of each gene were calculated using the compute pI/Mw tool from ExPASy (http://www. expasy.org/tools/) (Gasteiger et al., 2003) . Subcellular localization was predicted using WoLF PSORT (http://wolfpsort.org/) (Horton et al., 2007) and TargetP 1.1 (http://www.cbs.dtu.dk/ services/TargetP/) (Emanuelsson et al., 2007) .
Multiple alignment and phylogenetic analysis
Two phylogenetic trees were constructed to classify the maize ZmCPP genes. One phylogenic tree only contained maize ZmCPP protein sequences; the other also included A. thaliana and ZmCPP protein sequences. Multiple-sequence alignments of all predicted ZmCPP protein sequences were performed with the Clustal X2.0 software using default parameters. Phylogenetic trees were constructed using MEGA 5.0 with the neighbor-joining (NJ) method, and bootstrap analysis was conducted using 1000 replicates with a pairwise gap deletion mode (Tamura et al., 2011) .
Chromosomal location of ZmCPP, structural analysis, and identification of conserved motifs
An image showing the chromosomal location of the ZmCPP genes was generated by the MapChart software, based on information provided in the Phytozome database. The structure of ZmCPP was analyzed using Gene Structure Display Server (GSDS; http://gsds. cbi.pku.edu.cn/) (Guo et al., 2007) . In addition, protein sequences were used to predict domain and motifs online using MEME (http://meme-suite.org) (Bailey et al., 2006) . The parameters were as follows: number of repetitions: any; maximum number of motifs: 10; and optimum motif widths: 6-200-amino acid residues.
Plant growth and stress treatments
Maize (Zea mays L. inbred line B73) plants were grown in a greenhouse at 28° ± 2°C with a photoperiod of 14-h light and 10-h dark. When the seedlings developed three fully opened trifoliate leaves (approximately 3 weeks after sowing), we performed abiotic stress experiments. For heat and cold stress, the seedlings were transferred to a growth chamber at 42° ± 1°C and 4° ± 1°C, respectively. For drought stress, 15% (w/v) PEG3000 was used. In addition, 300 mM NaCl was used to generate salt stress. After the leaves were subjected to these stresses, they were collected at 0-, 3-, 6-, 12-, and 24-h intervals. After collection, the samples were immediately frozen in liquid N 2 , and stored at -80°C for RNA extraction. Three biological replicates were conducted per sample.
RNA extraction and qRT-PCR analysis
Total RNA was isolated from all samples using TRIzol reagent (Invitrogen, USA), followed by DNaseI (Promega, USA) treatment to remove any traces of genomic DNA. Firststrand cDNA was synthesized using the TransScript First-Strand cDNA Synthesis SuperMix Kit (TransGen, China). qRT-PCR was conducted using an Applied Biosystems StepOne Real-Time PCR System (Applied Biosystems, USA). The total reaction volume was 20 µL, which included 10 µL SYBR premix Ex Taq TM (2X) mixture; 1 µL cDNA (diluted 10 times); 0.4 µL upstream primer (10 pm); 0.4 µL downstream primer (10 pM); and 8.2 µL ddH 2 O. The reaction was performed using the following cycling profile: 95°C for 30 s, 40 cycles of denaturation at 95°C for 5 s, and 60°C for 30 s. Three technical replicates were performed for each sample. Levels of gene expression were calculated using the 2 -∆∆Ct method as previously described (Livak and Schmittgen, 2001) . ZmActin (NM_001155179.1) was used as a positive internal control and 13 primers specific for ZmCPP genes were designed for use in qRT-PCR using conserved sequences as listed in Table S1 .
RESULTS
Identification and prediction of subcellular localization of CPP
We identified 13 CPP-like gene family members (ZmCPP1-ZmCPP13), which encoded 17 transcripts. Basic genome information, containing protein sequences ( Figure S1 ), CDSs ( Figure S2 ), genomic sequences ( Figure S3) , and 2000 bp of nucleotide sequences (Figure S4 ), was downloaded from the Phytozome database (http://www.phytozome.com). Basic information on all of the maize CPP-like genes (including gene name, chromosome location, open reading frame length, exon and intron number, protein length, molecular weight, and pI value) is showed in Table 1 . Large variations in the length of the amino acid sequence of these genes were found, ranging from 235 (ZmCPP13.2) to 800 amino acids (ZmCPP10), and the molecular weights were 25.45-84.98 kDa. The predicted pI of the ZmCPP candidates were between 5.86 (ZmCPP1.1 and ZmCPP1.2) and 9.84 (ZmCPP13.2). WoLF PSORT assessment revealed that within the 17 ZmCPP proteins, 13 maize CPP proteins were localized to the nucleus, three to the chloroplast, and one was extracellular. TargetP analysis revealed that four maize CPP-like proteins were located in the chloroplast, two in the mitochondria, one in the secretory pathway, and 10 in other compartments. These detailed parameters are provided in Table 1 . Table 1 . List of 13 CPP-like genes identified in maize, their sequence characteristics, and subcellular localization.
WoLF PSORT predictions: chlo (chloroplast), cyto (cytosol), nucl (nucleus), extr (extracellular). TargetP predictions: C (chloroplast), M (mitochondrion), S (secretory pathway), -(any other location); values indicate score (0.00-1.00) and reliability class (1-5; best class is 1). 
Chromosomal location, gene structure, and motif analysis of CPPs in maize
The 13 putative ZmCPP gene candidates were distributed across 6 of the 10 chromosomes in the maize genome. Among them, chromosomes 1, 3, and 8 each had three ZmCPP genes. Two ZmCPP genes were located on each of chromosomes 5 and 6; one ZmCPP gene was situated on chromosome 7; and no ZmCPP genes were detected on chromosome 2, 4, 9, or 10 ( Figure 1) . We also investigated the structure of genes within the ZmCPP family, and the results showed that the 17 ZmCPP transcripts were categorized into four classes based on the unrooted phylogenetic tree. Class I was the largest group, which contained six ZmCPP proteins. The second was class II (containing five members), followed by classes III and IV, which both contained three proteins (Figure 2A) . Figure 2B provides a detailed illustration of the relative lengths of the introns, and the conservation of the corresponding exon sequences within each CPP gene of maize by alignment of the cDNA to genomic sequences. This sequence analysis revealed introns within the coding sequences of all CPP genes, with the number of exons varying from 3 to 10 ( Figure 2B ). Conserved motifs were predicted using the MEME motif detection software to reveal the diversification of the ZmCPP proteins. The details of the 10 putative motifs are shown in Table 2 , and the motif matches shown have a positional P value of less than 0.0001 ( Figure 3 ). All ZmCPP proteins contained motif 1, and the type, order, and number of motifs were similar in proteins from the same subfamily, but differed from those in other subfamilies. Numbers correspond to the motifs described in Figure 3 . Sequences obtained from the analysis of three groups of maize CPP complete proteins using the MEME tools.
Comparative analysis of the ZmCPP genes in maize, Arabidopsis, and rice
An NJ phylogenetic tree was constructed using 46 full-length protein sequences in order to reveal the evolutionary relationships among maize (17), Arabidopsis (9), and rice (20) CPP-like proteins (Figure 4 and Table S2 ). All CPP proteins fell broadly into two major classes: classes A and B, with well-supported bootstrap values, which included representative genes of maize, rice and Arabidopsis. Classes A and B were further subdivided into three subclasses according to their bootstrap values and phylogenetic relationships, designated as A1, A2, A3, B1, B2, and B3, respectively. The combined phylogenetic tree also revealed paralogous and orthologous relationships among the CPP-like family members. Seventeen pairs of paralog proteins were found between species, five pairs of paralogous genes in maize, eight pairs in rice, and four pairs in Arabidopsis (Table S3) . Furthermore, three pairs of orthologous genes from maize and rice were identified, which were ZmCPP10 and OsCPP8, ZmCPP2 and OsCPP2 in subfamily A3, and ZmCPP8 and OsCPP7 in subfamily B3. 1  29  CKHCNCKKSRCLKKYCECFQGGVYCSENC  2  50  CVQILNGMVELSQVEKSVAPDVFLLPGNREIFVSLGGDVRAMWLKRKIQH  3  50  ESSFHQTPPHLRASSRDAHVFPQAVSQWQALPRSWHCSNKRNGNDRAMDD  4  27  GCQGCFNKEAHMETVQTTRKQIESRNP  5  41  CTNCFNNVENEVARREAIEAIRERNPDAFRPKIGNDPHTNR  6  21  RCMDCKNFFGKKEGIILDQVD  7  50  MHNDESGPDRMDTSHSFIMIHENQIVEQNNDEPAMYNEQYIITHHHTSDM  8  29  YLYTGADLDHSEGEHDFVVERSPRLQSPM  9  29  RMSMKINRRPEANAEPMEDAHHSSSSTPP  10 50 SGYCTQNSVHEPHLYWTGAVEGSAVSYTPQTLPGALQSQLMPCNKLSEPK Table 2 . Motif sequences of CPP-like genes identified in maize using MEME tools. Arabidopsis, and 20 rice CPP-like protein sequences were aligned in Clustal X 1.83 and the phylogenetic tree was constructed using MEGA5.0 by the neighbor-joining (NJ) method. The bootstrap value was 1000 replicates. Each Hsp70 subfamily is indicated by a specific color.
qRT-PCR analysis of maize CPP-like gene expression under different abiotic stresses
To gain further insight into the roles of maize CPP in abiotic tolerance, the expression profiles of 13 maize CPP-like genes in response to drought, heat, cold, and salt stresses were analyzed by qRT-PCR. The analysis revealed that these genes are differentially expressed in the leaves under different stress conditions ( Figure 5 ). Under heat stress (42°C), the expression of most genes was dramatically upregulated (>7-fold) after a 12-h treatment, with the exception of ZmCPP5 ( Figure 5A ). Drought stress (15% PEG) resulted in the upregulation (>3-fold) of four genes (ZmCPP1.1, ZmCPP7.1, ZmCPP9, ZmCPP12) after a 12-h treatment ( Figure 5B ). In response to salt stress, there were no obvious changes in gene expression, with only four genes (ZmCPP5, ZmCPP71, ZmCPP8, ZmCPP10) showing weak upregulation (<4.5-fold) at some stages ( Figure 5C ). Under cold stress (4°C), most of the ZmCPP genes were significantly upregulated (>10-fold) after a 12-h treatment ( Figure 5D ), with the exception of ZmCPP5. 
DISCUSSION
Preliminary analysis of the CPP-like gene family has been performed in the model plants Arabidopsis and rice. Eight members of this family were found in Arabidopsis and 11 in rice (Yang et al., 2008) . A recent study identified 20 CPP-like genes in soybean (Zhang et al., 2015) . The results of the present study expand the number of known CPP-like genes in maize to 13, and the 13 putative ZmCPP gene candidates were found to be distributed across 6 of the 10 chromosomes in the maize genome. We also performed an analysis of the CPP-like gene family in maize, including analysis of their phylogeny, chromosomal location, gene structure, conserved motifs, and expression profiles. Based on these analyses, we discovered that the most closely related members of this family within the same subfamilies share similar exon/ intron structures and intron numbers, which are consistent with the characteristics defined in the phylogenetic analysis (Figure 2 ). By analyzing their subcellular localization, we found that the nucleus might be the primary site of ZmCPP protein activity.
Phylogenetic analysis of CPP proteins in maize, rice, and Arabidopsis indicated that these genes are mainly classified into two groups, with 23 genes, respectively. In Group A, there are 4 Arabidopsis genes, 8 rice genes, and 11 maize genes, while in Group II there are 4 Arabidopsis genes, 12 rice genes, and 6 maize genes. Genes within the same group might share similar functions because of their similar sequence profiles. For example, AtCPP4 (SOL1) and AtCPP5 (TSO1) are both clustered in Class A3, and previous studies have shown that these two genes share the same function that controls flower tissue development (Hauser et al., 1998 (Hauser et al., , 2000 Song et al., 2000) . This indicates that proteins from different groups are highly distinguishable by their protein sequences, which reflect distinct functions.
Gene duplications are crucial during plant evolution and are important for driving genome evolution (Kent et al., 2003; Zhang, 2003) . Paralogous genes typically exhibit different functions, while orthologous genes may retain the same functions (Conant et al., 2007) . Previous research estimated that the fraction of retained paralogs is 72% in maize, having occurred over the course of 11 million years of evolution (Ahn and Tanksley, 1993) . In our study, 15 pairs of paralog CPP genes were identified and three pairs of orthologous genes were found in the Arabidopsis, rice, and maize genomes; these results indicate that these gene families extended in a species-specific manner (Table S1 ). This phenomenon has been widely verified in other gene families in plants (Bai et al., 2002; Zhang et al., 2005; Jain et al., 2006) . Expression analysis of 13 ZmCPP genes by qRT-PCR showed that maize CPP genes are differentially expressed in response to heat, drought, salt, and cold stress. All of these genes responded significantly to 2-4 kinds of stress, indicating that they would also be involved in the physiological processes associated with multiple-stress responses in maize. It is interesting to note that the ZmCPP genes showed similar levels of expression under heat and cold stress, with differences in most of these genes peaking after 24 h of heat stress and 12 h of cold stress. Furthermore, we found no changes in the expression of the ZmCPP gene under salt stress, which may illustrate that the CPP family of transcription factors is not regulated under these conditions. Our findings indicate that the CPPlike genes are not only involved in growth and development, but also in responses to high and cold temperature stress in maize. However, their detailed roles in stress responses require further study.
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